Mice lacking the oxalate transporter SLC26A6 develop hyperoxalemia, hyperoxaluria, and calciumoxalate stones as a result of a defect in intestinal oxalate secretion, but what accounts for the absorptive oxalate flux remains unknown. We measured transepithelial absorption of [
Nephrolithiasis is the second most common chronic kidney condition after hypertension and demonstrates a rising prevalence and association with chronic kidney disease. 1 Calcium oxalate (CaOx) is the predominant component of most stones, and the level of urinary oxalate is an important risk factor for CaOx nephrolithiasis. 2, 3 The amount of urinary oxalate depends on the net effect of metabolic production, intestinal absorption, and renal excretion. 4 The integral role of the intestine in oxalate homeostasis becomes most evident in diseases of intestine. Inflammatory bowel disease and small-bowel resections are conditions that are strongly associated with hyperoxaluria and CaOx nephrolithiasis. 5 New insight into the importance of the intestine in the pathogenesis of CaOx nephrolithiasis has come from studies of anion transporter SLC26A6. Slc26a6-null mice have a defect in in-testinal secretion of oxalate, which results in enhanced net oxalate absorption in the intestine leading to hyperoxalemia and hyperoxaluria. 6, 7 In addition, Slc26a6-null mice have a high incidence of CaOx stones. 6 The source of the excess oxalate in the urine of Slc26a6-null mice is dietary oxalate. 6 Therefore, SLC26A6-mediated back secretion of oxalate appears to play a critical role in limiting net intestinal absorption of dietary oxalate, which would otherwise result in hyperoxalemia, hyperoxaluria, and CaOx stones.
Despite its importance for oxalate homeostasis, the mechanism(s) for oxalate absorption in the intestine remain incompletely defined. 8 Specifically, the relative magnitude of paracellular versus transcellular oxalate absorption is unclear. We have addressed this issue by performing a systematic comparison of absorptive fluxes of oxalate and paracellular marker mannitol along mouse intestine. Moreover, we have taken advantage of the availability of Slc26a6-null mice to avoid the possibility that SLC26A6-mediated back-secretion of oxalate across the apical membrane might mask transcellular oxalate absorption. Finally, we have used recent advances in understanding of tight junction structure and function to probe the molecular pathway for paracellular oxalate absorption. Using these approaches, we find that transepithelial oxalate absorption is predominantly if not exclusively passive and paracellular. Moreover, we demonstrate that oxalate traverses the paracellular pathway via the low capacity "leak" pathway for larger solutes rather than through claudin-based pores. These findings support the concept that the role of SLC26A6 in mediating active oxalate secretion is to counteract the passive paracellular absorption of ingested oxalate.
RESULTS

Comparison of Oxalate and Mannitol Fluxes in Mouse Duodenum
We had previously demonstrated the presence of a secretory flux of oxalate in the mouse duodenum that is dependent on the expression of apical transporter SLC26A6 and that therefore must be transcellular. 6 We thus focused on defining the mechanism of oxalate absorption in this segment of the intestine so that we would be able to compare and contrast characteristics of oxalate absorption and secretion.
Using mouse duodenum mounted in an Ussing chamber, we performed measurements of transepithelial absorption and secretion of [ 14 C]oxalate simultaneously with flux of [ 3 H]mannitol. Mannitol is an inert, nonmetabolized sugar that is water-soluble and that cannot penetrate cell membranes. It has therefore been frequently used as a marker for transepithelial transport via the paracellular pathway. 9, 10 As shown in Figure 1 , the apparent permeability (P app ) for unidirectional absorption of oxalate was the same as that of mannitol, suggesting that oxalate absorption is predominantly passive and paracellular. In contrast, the P app for unidirectional secretion of oxalate exceeded that of mannitol in wildtype mice, indicating transcellular secretion of oxalate. In Slc26a6-null mice, the P app values for absorptive fluxes of oxalate and mannitol were similar to each other and similar to their respective values in wild-type mice. However, in the absence of SLC26A6, the higher secretory P app of oxalate compared with mannitol in wild-type mice was no longer observed. Moreover, in tissue from Slc26a6-null mice, the P app values for absorptive and secretory fluxes of mannitol and oxalate were all virtually identical. These findings strongly suggest that in the absence of SLC26A6, transepithelial oxalate transport in both directions is largely passive and paracellular. These results therefore argue against any significant contribution of mediated transcellular transport to oxalate absorption. In addition, our findings support the concept that SLC26A6 is absolutely required for the transcellular secretion of oxalate in the mouse duodenum. 6 Effect of the Anion Transport Blocker 4,4-Diisothiocyanatostilbene-2,2-disulfonate (DIDS) on Oxalate Fluxes
Characteristics of mediated transport include sensitivity to transport inhibitors. Recent molecular cloning and expression studies of members of the SLC26 transporter family have shown that at least two apical membrane transporters in addition to SLC26A6 are capable of transporting oxalate and are sensitive to DIDS. SLC26A3, also known as down-regulated in adenoma (DRA), has been shown to be present on the apical membrane 11 in human and rat intestine 12 and is capable of DIDS-sensitive oxalate transport when expressed in Xenopus oocytes. 13 Similarly, SLC26A2 is expressed in the intestine of rats and humans 14 and can function as a DIDS-sensitive oxalate transporter. 15 Therefore, it is conceivable that these members of the SLC26 family are involved in mediating transcellular oxalate absorption. To evaluate this possibility, we examined the effect of DIDS on [
14 C]oxalate absorption in the duodenum. As shown in Figure 2 , luminal addition of DIDS to wild-type duodenum did not affect unidirectional oxalate absorption. In contrast, as also shown in Figure 2 , luminal DIDS reduced the unidirectional secretory flux of oxalate to that observed in Slc26a6-null mice (Figure 1 ). The latter finding again supports the concept that a component of oxalate secretion is transcellular and dependent on the activity of apical membrane SLC26A6, a DIDS-sensitive transporter. 6, 16 The lack of effect of apical DIDS on the absorptive oxalate flux provides additional evidence that oxalate absorption is largely passive and paracellular rather than mediated and transcellular. Figure 3 , the addition of a 100-fold excess of unlabeled oxalate to wild-type duodenum did not affect unidirectional absorption of [ 14 C]oxalate. In contrast, as also shown in Figure 3 , unlabeled oxalate significantly reduced the unidirectional secretory flux of [
14 C]oxalate. The latter finding again supports the concept that a component of oxalate secretion is mediated and transcellular. The lack of saturability of the absorptive oxalate flux provides additional evidence that oxalate absorption is largely passive and paracellular rather than mediated and transcellular.
Effect of Transepithelial Potential Difference on Oxalate Absorption
Oxalate is a divalent anion at physiologic pH. However, in physiologic solutions, a large fraction of oxalate is chelated with cations including Ca Table 1 is the calculated oxalate species in the solution used in our experiments. The average net charge of oxalate species is approximately Ϫ1. It would therefore be predicted that if oxalate absorption is predom- BASIC RESEARCH www.jasn.org inantly passive and paracellular, it should be enhanced by imposition of a lumen-negative transepithelial potential difference. As shown in Figure 4 , a lumen-negative potential significantly increased unidirectional oxalate absorption in accord with this prediction. In contrast, movement of mannitol remained unaffected, as expected for passive transport of a neutral molecule. (Of note, we observed slightly lower oxalate than mannitol flux at 0 mV as compared with our previous experiments but the difference was not statistically significant.) Again, these results are consistent with the concept that oxalate absorption in the mouse duodenum is predominantly passive and paracellular.
Apparent Permeability Values for Absorption of Oxalate and Mannitol in Different Segments of Mouse Intestine
Having demonstrated that oxalate absorption in the duodenum is predominantly passive and paracellular, we surveyed the mechanism of oxalate absorption in distal segments of the intestine by comparing P app for unidirectional absorption of oxalate and mannitol. Studies were performed in Slc26a6-null mice to avoid the possibility that SLC26A6-mediated back-secretion of oxalate across the apical membrane might mask transcellular oxalate absorption.
P app for unidirectional absorption of mannitol and oxalate varied in different segments of small and large intestine as shown in Figure 5 . We observed highest apparent permeability for both mannitol and oxalate in the ileum, and lowest permeability in the distal colon. Although we observed regional differences in mannitol and oxalate permeability, P app for oxalate and mannitol varied in parallel. Moreover, in no segment did the P app for absorptive flux of oxalate significantly exceed that of mannitol. Taken together, these findings indicate that oxalate and mannitol share a common route and mechanism of absorption in all segments of the intestine, namely the paracellular pathway.
Effect of Inducing Claudin-10a Expression on Tight Junction Charge Selectivity and Oxalate Absorption
Having demonstrated that absorption of oxalate is predominantly passive and paracellular throughout the mouse intestine, we next investigated the molecular determinants of oxalate permeability across tight junctions. Recent studies of the tight junction have revealed that the paracellular barrier has at least two physiologic components. One component is a higher capacity pore-like pathway with a steep size dependence for solutes less than about 4 Å in radius. 17, 18 It is largely regulated by claudins, which are responsible for charge selectivity. 19 The second component is a lower capacity "leak" pathway for solutes larger than ϳ4 Å in radius that does not show selectivity for ionic charge and size. 20 The effective radius of oxalate has been estimated to be around 3 to 4 Å on the basis of its structure and negative charge size. 21 In addition, oxalate forms soluble complexes with Na ϩ , Ca ϩϩ , and Mg ϩϩ that can increase its calculated size. 22 Mannitol has an estimated size of 4.2 Å 18 and has been demonstrated to traverse the size-independent "leak" pathway. 23 To test the hypothesis that oxalate traverses the claudin-based pores, we used Madin-Darby canine kidney (MDCK) II cells with inducible expression of claudin-10a. It has previously been shown that expression of claudin-10a markedly affects the charge selectivity of the paracellular pathway by increasing anion permeability as measured by dilution potentials. 24 Because, as described above, free oxalate is a divalent anion and the average net charge of oxalate species in our solution is Ϫ1, we would predict that oxalate flux should be enhanced by inductionofclaudin-10aexpressioniftransport occurs through the claudin-based pore pathway. The inset of Figure 6A shows an immunoblot confirming doxycycline-regulated induction of claudin-10a expression under the conditions of our flux measurements. We next confirmed the findings of Van Itallie et al. 24 that expression of claudin-10a markedly affected charge selectivity as measured by dilution potential. As shown in Figure 6A , in the absence of induced claudin-10a expression, MDCK II cells form a paracellular barrier with cation preference as revealed by the lumen-positive dilution potential when a serosal-to-basolateral NaCl gradient is imposed. Induction of claudin-10a results in a sharp decrease in this dilution potential. Transepithelial resistance was unaffected by expression of claudin-10a (data not shown), consistent with an opposing decrease in Na ϩ permeability and increase in Cl Ϫ permeability as reported by Van Itallie et al. 24 We next tested whether induction of claudin-10a also increases oxalate permeability. Similar to our studies in the intestine, we measured the P app for unidirectional absorption of Figure 6B , induction of claudin-10a had no effect on oxalate flux, suggesting that oxalate does not traverse this claudin-dependent pathway. We similarly found a lack of effect of induced claudin-10a expression on P app for oxalate absorption in LLC-PK1 cells (not shown), under which conditions there is a marked increase in tight junction anion selectivity. 24 Effect of ZO-1 Knockdown on the Tight Junction "Leak" Pathway and Oxalate Absorption
We next tested the hypothesis that oxalate traverses the tight junction through the lower-capacity, size-independent pathway. It has previously been shown that ZO-1 knockdown selectively increases the permeability of the low capacity pathway for larger molecules such as mannitol. 23 The inset of Figure 7 shows an immunoblot demonstrating doxycycline-induced knockdown of ZO-1 expression under the conditions of our flux measurements. As shown in Figure 7 , we confirmed that ZO-1 knockdown increases P app for unidirectional mannitol absorption. ZO-1 knockdown caused an equivalent increase in P app for unidirectional oxalate absorption. These findings are consistent with the concept that oxalate and mannitol share the size-independent "leak" pathway across the tight junctions of epithelial cells.
Effect of Cation Complex Formation on Oxalate Fluxes in Mouse Duodenum
If epithelial oxalate absorption is largely through the size-independent "leak" pathway across the tight junctions, we would predict that permeability to oxalate should be independent of its forming soluble complexes with cations. As shown in Table 1 , raising the medium magnesium concentration from 1.2 to 10 mM is calculated to decrease the free oxalate concentration from 0.79 to 0.33 M as more oxalate becomes complexed with magnesium. However, as shown in Figure 8 , raising the medium magnesium concentration had no effect on the apparent permeability for oxalate absorption. This lack of dependence of oxalate absorption on the free oxalate concentration provides additional support for the concept that it takes place via the size-independent "leak" pathway across the tight junction rather than by a mediated transcellular process. In contrast to the lack of effect of oxalate speciation on oxalate absorptive flux, the active component of oxalate secretion was greatly inhibited when the free oxalate concentration was decreased.
DISCUSSION
We have demonstrated that the apparent permeability for unidirectional absorption of [ 14 C]oxalate was identical to that of the paracellular marker mannitol in mouse duodenum and was inhibited neither by luminal application of the anion transport inhibitor DIDS nor by an excess of unlabeled oxalate. These findings are consistent with the concept that oxalate absorption in the mouse duodenum is passive and paracellular. In contrast, the apparent permeability for secretion of oxalate exceeded that of mannitol. The excess permeability for secretion of oxalate compared with mannitol was abolished by luminal application of DIDS and was absent in duodenum of Slc26a6-null mice. Moreover, the secretory flux of [ 14 C]oxalate was significantly inhibited by unlabeled oxalate. These findings support the conclusion that the secretory flux of oxalate has two components: a paracellular flux with identical apparent BASIC RESEARCH www.jasn.org permeability to mannitol, and a transcellular flux that is completely dependent on apical membrane SLC26A6 activity. In addition, these findings validate comparison of apparent permeability of oxalate and mannitol as a strategy to detect transcellular oxalate transport. We therefore screened for transcellular oxalate absorption in different segments of small and large intestine by comparing apparent permeability of oxalate and mannitol. Despite large regional differences in the absolute values, permeability to oxalate and mannitol varied in parallel, and in no intestinal segment did we detect a significantly higher permeability for absorption of oxalate compared with mannitol. Taken together, these studies indicate that oxalate absorption in the intestine is predominantly if not exclusively passive and paracellular. Our results are consistent with previous findings indicating an important role of passive oxalate absorption in the intestine. 25, 26 Nevertheless, we cannot exclude the possibility that a component of transcellular oxalate absorption was not detected because of the absence of a critical substrate or regulatory factor under the conditions of our experiments. Indeed, a component of active transcellular oxalate absorption was identified in the rabbit colon on the basis of sensitivity of oxalate absorptive flux to metabolic inhibitors and the disulfonic stilbene SITS. 27 However, flux of oxalate was not compared with mannitol in that study, and it is possible that metabolic inhibitors and SITS can affect paracellular permeability. 28 Given the importance of the paracellular pathway in mediating oxalate absorption, we then investigated the mechanism by which oxalate traverses the tight junction in epithelial cells. By use of epithelial cell lines with altered claudin expression, we demonstrated that oxalate permeability was unaffected by modulation of the charge selectivity of the claudin-based pore pathway. However, because we only manipulated the expression of a single claudin, namely claudin-10a, we cannot exclude the possibility that oxalate transport would be changed by alteration of other claudins affecting charge selectivity. In contrast to the lack of effect of claudin-10a, when permeability of the size-independent "leak" pathway was increased by knockdown of the tight junction protein ZO-1, permeability to oxalate and mannitol was enhanced in parallel. Consistent with the concept that oxalate absorption takes place via the sizeindependent "leak" pathway, it was unaffected when the free oxalate concentration was reduced in favor of increased formation of soluble complexes with magnesium. Our finding that forming soluble complexes with cations does not impede absorption of oxalate suggests that the previously observed effects of oral calcium and magnesium to inhibit oxalate absorption in vivo 29 is due to another mechanism, such as promoting luminal precipitation of calcium oxalate out of solution.
Our results indicating that oxalate is mainly absorbed by the paracellular "leak" pathway may be relevant to the observation that inflammatory bowel disease has been associated with absorptive hyperoxaluria and increased risk for CaOx stones. 30 The permeability of the low capacity, size- Figure 6 . Lack of effect of claudin-10a expression on oxalate and mannitol permeability. (A) We measured dilution potentials (mV) across MDCK II monolayers following a 120 to 60 mM apical NaCl dilution without and with induction of claudin-10a expression. Immunoblot confirming claudin-10a induction is shown in the inset. The data are expressed as the means Ϯ SEM (n ϭ 4). *P Ͻ 0.05 versus uninduced cells. (B) Despite an effect of claudin-10a on anion permeability as measured by dilution potential, oxalate and mannitol permeability remained unaffected by induction of claudin-10a. The data are expressed as the means Ϯ SEM (n ϭ 4). independent, paracellular "leak" pathway can be enhanced by pro-inflammatory cytokines without altering the claudin-based pore pathway. 31 Therefore, inflammatory intestinal disorders may be associated with an increased permeability of the low capacity "leak" pathway to oxalate, thereby predisposing to hyperoxalemia, hyperoxaluria, and CaOx stone formation.
The findings of this study led us to propose the model of intestinal oxalate handling depicted in Figure 9 in which oxalate absorption is passive and paracellular across the tight junction. The main driving force for this passive absorption is the large concentration gradient of oxalate from lumen to blood (Ͼ100-fold) that has been estimated to be present when an oxalatecontaining diet is ingested. 32 In addition, there may be solvent drag through the tight junction coupled to water flux associated with transcellular absorption of solutes like Na ϩ and glucose. 33 Given the unavoidable passive absorption of the potentially toxic oxalate through the "leak" pathway of the tight junction, transcellular oxalate secretion plays a pivotal role in mediating backflux of oxalate to limit its net absorption. Apical membrane SLC26A6 activity is required for transcellular oxalate secretion. The important role of oxalate secretion in counteracting passive oxalate absorption is underscored by the absorptive hyperoxaluria that occurs in Slc26a6-null mice. 6 We hypothesize that in the intestine, the role of SLC26A6 in mediating active oxalate secretion is to counteract the passive paracellular absorption of ingested oxalate.
In conclusion, the results of this study indicate that net absorption of dietary oxalate depends on the relative balance between oxalate absorption through the paracellular "leak" pathway and transcellular oxalate secretion dependent on SLC26A6 activity. Accordingly, inherited or acquired defects that enhance paracellular "leak" or reduce SLC26A6 activity are potential molecular mechanisms causing enteric hyperoxaluria and increased risk for calcium oxalate kidney stones. Conversely, therapeutic interventions that reduce paracellular oxalate absorption or enhance SLC26A6 activity may lower urinary oxalate and diminish risk for calcium oxalate kidney stones.
CONCISE METHODS
Measurement of Oxalate and Mannitol Fluxes across Mouse Intestine
Intestinal segments of wild-type and Slc26a6-null mice were opened longitudinally along the mesenteric border and mounted as an intact sheet in a modified Ussing chamber that had an exposed surface area We examined the effect of increasing MgCl 2 in the medium from 1.2 to 10 mM on oxalate absorption and secretion in the duodenum. The data are expressed as the means Ϯ SEM (n ϭ 4). *P Ͻ 0.05 versus oxalate secretory flux in presence of 1.2 mM magnesium. , and 10 mM glucose at pH 7.4). We measured transepithelial short-circuit current (I SC ) and total tissue conductance (G TE ), as described previously. 6 We added 2 M [ 14 C]oxalate (specific activity, 117 mCi/mmol; Amersham Biosciences) and 0.08 M [ 3 H]mannitol (specific activity, 20 Ci/mmol; MP Biomedicals, Santa Ana, CA) to either the mucosal or serosal bath and unlabeled 2 M oxalate and 0.08 M mannitol to the opposite bath. After a 150-minute equilibration period to achieve steady-state flux rates, we collected samples before and after the 60-minute flux period to calculate values for unidirectional mucosa-to-serosa flux (J MS ) and serosa-to-mucosa flux (J SM ). We performed all flux studies under voltage clamp conditions using a multichannel voltage/current clamp model VCC MC6 (Physiologic Instruments, San Diego, CA). The apparent permeability coefficients (P app ) for oxalate and mannitol were calculated according to the following equation,
where J is the flux (mucosa-to-serosa or serosa-to-mucosa), A is the cross-sectional tissue area of the Ussing chamber, and [S] is the substrate concentration of [ 14 C]oxalate or [ 3 H]mannitol. All of the animal protocols were approved by the Yale University Institutional Animal Care and Use Committee. The calculation of oxalate speciation shown in Table 1 was made using SUPERSAT, the updated version of a program originally published in 1969. 34 This program calculates the complete speciation of ions important in the stoneforming process in various biologic media.
Measurement of Dilution Potential, Oxalate, and Mannitol Fluxes in MDCK II Cells
MDCK II cells with inducible expression of claudin-10a and knockdown of ZO-1 were used as described previously. 23, 24 The cells were cultured under standard conditions in DMEM (4.5 g/L glucose), 10% Tet-system approved fetal bovine serum (Clontech Laboratories, Mountain View, CA), and penicillin/streptomycin. The cells were maintained in the presence of 50 ng/ml doxycycline to repress transgene expression and plated for experiments on removable filters (Snapwell; Corning Life Sciences, Acton, MA) in the presence (not induced) or absence (induced) of doxycycline. Four days after transgene induction, the filters were placed in a modified Ussing chamber with exposed surface area 1.12 cm 2 . Transmonolayer resistance was determined in a (apical and basal) solution (buffer A) containing 120 mM NaCl, 10 mM HEPES, 5 mM KCl, 10 mM NaHCO 3 , 1.2 mM CaCl 2 , 1 mM MgSO 4 and 10 mM Glucose at pH 7.4. Dilution potentials were then determined after replacing the apical solution with a solution (buffer B) containing 60 mM NaCl, 10 mM HEPES, 5 mM KCl, 10 mM NaHCO 3 , 1.2 mM CaCl 2 , 1 mM MgSO 4 , 10 mM glucose, and 120 mM mannitol at pH 7.4. For radioactive tracer studies, we added 2 M ]mannitol to the mucosal bath and unlabeled 2 M oxalate and 0.08 M mannitol to the serosal side. After a 30-minute equilibration period, we collected samples before and after the 60-minute flux period to calculate values for unidirectional mucosa-toserosa flux. P app was calculated as described above.
Immunoblotting
Immunoblots were performed on cells grown on filters after induction of protein. The filters were excised and placed in TBS 1% Triton buffer for 30 minutes, cleared by centrifugation for 15 minutes at 21,000 ϫ g, and stored at Ϫ80°C until used for analysis. Equal volumes of lysate were subjected to SDS-PAGE and then transferred to nitrocellulose and immunoblotted. Claudin-10a was detected using a monoclonal antibody as previously reported. 24 ZO-1 was detected using an antibody from Invitrogen (catalog number 33-9100). Detection was performed using enhanced chemiluminescence (PerkinElmer Life Sciences) after incubation in horseradish peroxidase-coupled secondary antibodies (anti-mouse from Jackson Immunoresearch, West Grove, PA). 
